Two chitin deacetylases, Cda1 and Cda2, from Coprinopsis cinerea were expressed and characterized. Cda1 preferably deacetylates the nonreducing end residue of (GlcNAc) 2 , the internal or nonreducing end residue of (GlcNAc) 3 and the nonreducing residue of (GlcNAc) 6 after deacetylating the internal residues. In contrast, Cda2 preferably deacetylates the reducing end residue of (GlcNAc) 2 , the internal or reducing end residue of (GlcNAc) 3 and the reducing residue of (GlcNAc) 6 after deacetylating the internal residues. Furthermore, Cda1 prefers chitohexaose with higher degrees of acetylation for deacetylation, while Cda2 shows a weaker preference for chitohexaose with varying degrees of acetylation. The predicted Cda1 structure shows more hydrophobic aromatic amino acids on the surface near subsite +1 in the active site than on the surface near subsite −1, whereas the predicted Cda2 structure has more hydrophobic aromatic amino acids on the surface near subsite −1 than on the surface near subsite +1, which may be the molecular basis of the distinctive catalytic features between Cda1 and Cda2. Notably, Cda1 has a high transcription level in the nonelongating basal stipe region, whereas Cda2 has a high transcription level in the elongating apical stipe region, and the transcription level of the former is approximately five times that of the latter. Correspondingly, the molar ratio of GlcN/GlcNAc increased from 0.15 in the cell wall of the apical stipe region to 0.22 in the cell wall of the basal stipe region. Different modes of action of Cda1 and Cda2 may be related to their functions in the different stipe regions.
Introduction
Chitin, an insoluble polymer of N-acetyl-D-glucosamine with β-1,4 linkage, functions as a major structural component of fungal cell walls. In certain fungi, chitin can be converted by chitin deacetylases (Cda) to chitosan, a relatively soluble polymer of D-glucosamine residues with differing degrees of acetylation (Tsigos et al. 2000; Ghormade et al. 2010; Free 2013) . Chitin deacetylases are divided into two types, exoacting deacetylases with multiple attack mechanisms and endo-acting deacetylases with multiple chain mechanisms (Tsigos et al. 1999 (Tsigos et al. , 2000 Hekmat et al. 2003) .
Previous studies have indicated that chitin deacetylases act more efficiently on nascent rather than on microfibrillar chitin, and the synergistic action of chitin synthase and chitin deacetylase results in chitin-chitosan containing fibrils that crystallize to form the main structural mesh of the cell wall of certain fungi such as Zygomycetes Mucor rouxii (Davis and Bartnicki-Garcia 1984; Tsigos et al. 1999 Tsigos et al. , 2000 Ghormade et al. 2010; Zhao et al. 2010) . Baker et al. (2007) reported that the Basidiomycete Cryptococcus neoformans has substantial chitosan in its cell wall during vegetative growth. Utilizing a collection of chitin deacetylase deletion strains, they determined that during vegetative growth, chitosan helps to maintain cellular integrity. The absence of chitosan in the cell wall is detrimental to growing cells and affects the ability of C. neoformans to cope with stress. In contrast, chitosan is synthesized only in the ascospore cell wall of the yeast Saccharomyces cerevisiae, and two chitin deacetylase genes, CDA1 and CDA2, are transcribed during sporulation, although they are not necessary for cell viability. The deletion of both genes results in spores that are more sensitive to cell wall damage. Chitosan was suggested to be responsible for resistance to enzymatic hydrolysis of the spore cell wall (Mishra et al. 1997; Christodoulidou et al. 1999; Orlean 2012) . Similar to the role of chitosan in the ascospore cell wall, the plant pathogenic fungus Colletotrichum lindemuthianum secretes Cda against the host plant at the time of infection. Decreasing levels of acetylation results in the less efficient hydrolysis of chitin by plant chitinases; thus, the penetration hyphae could be protected by enzymatic deacetylation (Tsigos and Bouriotis 1995; Mendgen et al. 1996) . Yamada et al. (2008) even reported that a Cda coding gene in basidiomycete, Flammulina velutipes was specifically expressed through the entire stage of fruiting body development, and the transcript was abundant in stipes of mature fruiting bodies. They suggested that Cda plays an important role in the formation of cell walls of fruiting bodies and in the integrity of basidiospores as in the case of ascospores in S. cerevisae. However, elongation growth in the stipe of F. velutipes fruiting bodies was restricted primarily to the 1−2 mm apical zone of the stipe below the cap (Fang et al. 2014) ; therefore, it is difficult to be used as a material for study of Cda function in stipe elongation of basidiomycete fruiting bodies. In contrast, the Coprinopsis cinerea stipe has an approximately 9 mm fast elongation growth region, which is an advantage for the characterization of stipe wall extension Niu et al. 2015) . Therefore, we attempted to clone, express and characterize the putative chitin deacetylases in C. cinerea genome for elucidation of their functions. Among 18 putative chitin deacetylases in C. cinerea, only two, Cda1 and Cda2, were successfully expressed heterogeneously in yeast cells and showed high deacetylation activity. Interestingly, we observed that Cda1 and Cda2 showed different catalytic features and modes of action, as well as differential expression patterns in the fast-growing apical stipe region and in the nongrowing basal stipe region of growing fruiting bodies. Correspondingly, the ratio of GlcN to GlcNAc increased along the stipe length from the fastgrowing apical regions to the nongrowing basal regions. Thus, the roles of Cda1 and Cda2 in stipe elongation of fruiting bodies are proposed.
Results

Heterologous expression and enzymatic features of recombinant Cda1 and Cda2
The sequence encoding the signal peptide was removed from the CDA1 and CDA2 gene, and the mature Cda1 and Cda2 protein was fused with the α-factor signal peptide at the N-terminus and fused with a 6× histidines Tag at the C-terminus. After 7 days of cultivation for inducing expression, culture medium of the recombinant expression yeast cells was used to purify the recombinant Cda1 and Cda2 by Niaffinity chromatography. The yield of recombinant Cda1 and Cda2 was 0.02 mg mL −1 and 0.05 mg mL −1 of culture medium, respectively.
The purified recombinant Cda1 and Cda2 from the culture medium by Ni-affinity chromatography appeared as a single band on SDS-PAGE ( Figure 1A1 and A2) and was confirmed by MALDI-TOF/TOF-MS sequence analysis ( Figure S1 ). As shown in Table I , both Cda1 and Cda2 showed deacetylation activity towards glycol chitin and 40% deacetylated chitosan but not toward insoluble chitin powder and colloidal chitin, as well as a high degree of deacetylated chitosan, 85% deacetylated and 75% deacetylated chitosan.
As shown in Figure 2A and B, the optimal temperature for the deacetylation activity of Cda1 and Cda2 with chitinbiose was 70 and 60°C, respectively, and the optimal pH for the deacetylation activity of Cda1 and Cda2 with chitinbiose was pH 7.5 and pH 9.0, respectively. Temperature stability tests showed that the deacetylation activity of Cda1 was essentially stable at 30-50°C, and the deacetylation activity of Cda2 was essentially stable at 30-60°C. The pH stability tests showed that the deacetylation activity of Cda1 was essentially stable between pH 6.0 and 9.0, and the deacetylation activity of Cda2 was essentially stable between pH 7.5 and 9.0. The effect of the substrate concentration on the deacetylation activity of Cda1 and Cda2 with chitinbiose was shown in Figure 2C . The K m and V max of Cda1 are 0.53 μM and 6.40 μM min −1 mg protein
, respectively, and the K m and V max of Cda2 are 0.75 μM and 2.18 μM min −1 mg protein −1 , respectively.
As shown in Table II metal ion chelator EDTA did not affect the deacetylation activity of Cda1 towards chitinbiose. Added metal ions did not promote the deacetylation activity of Cda1, and even some added metal ions, such as Zn 2+ , Cu
2+
, Co 2+ , strongly inhibited the activity of Cda1. Therefore, Cda1 is very different from reported chitin deacetylases that require metal ions for their activity (Liu et al. 2017) . In contrast, the deacetylation activity of Cda2 was inhibited by 62 and 82% by 1 and 2 mM EDTA, respectively, whereas activity was roughly doubled with 1 mM Co 2+ (Liu et al. 2017 ).
Mode of action of Cda1 and Cda2
In preliminary experiments, we observed that HPAEC-PAD could only be used to separate chitinbiose from its deacetylated derivative but not to separate larger chitin oligosaccharides from their deacetylated derivatives. Therefore, the Q-TOF-MS method was used to analyze the deacetylated derivatives from chitin oligosaccharides by C. cinerea chitin deacetylases. Experiment showed that either Cda1 or Cda2 did not deacetylate GlcNAc after a 24-h of reaction (data not shown). However, Cda1 or Cda2 removed one acetyl group from (GlcNAc) 2 after 24 h, respectively, giving [M+H] + and [M+Na] + molecular ions at m/z 383 and at m/z 405 in the Q-TOF-MS spectrum ( Figure 3A1 and B1). Domon and Costello (1988) even reported that in the positive ion mode of FAB MS/MS, because of protonation of the glycosidic bond, chitin oligosaccharides were prone to be broken to yield the Bi and Yj ([M+2H] + ) fragment ions, which could be applied to sequence the oligosaccharides. Thus, we attempted to determine which N-acetyl-D-glucosamine of chitinbiose was deacetylated by Cda1 or Cda2 using a Q-TOF-MS/MS analysis. Interestingly, a mono-deacetylated chitobiose by Cda1 in the Q-TOF-MS/MS spectrum exhibited two fragment ions, B1 (m/z 162) and Y1 ([M+2H] + , m/z 222), indicating that Cda1 removed an acetyl group from the nonreducing end residue of (GlcNAc) 2 to form GlcNGlcNAc. In contrast, a mono-deacetylated chitobiose by Cda2 in the Q-TOF-MS/MS spectrum exhibited one strong B1 fragment ion (m/z 204) and one weak Y1 fragment ion ([M+2H] + , m/z 180), indicating that Cda2 removed an acetyl group from the reducing end residue of (GlcNAc) 2 to form GlcNAcGlcN ( Figure 3A2 and B2).
The products of chitintriose (A3) reacted with Cda1 for varying times in the reaction mix were analyzed by TOF-MS, and results showed that after 10 min of reaction, the molecular ions of initial mono-deacetylated product A2D1 and substrate A3 was detected ( Figure 4A1 ). After 20 min of reaction, the molecular ion of the new di-deacetylated product A1D2 appeared, while the molecular ions of substrate A3 and initial product A2D1 were still detected ( Figure 4A2 ). After 5 h of reaction, the molecular ion of the full-deacetylated chitotriose (D3) appeared, and the molecular ion of A1D2 was still detected, while the molecular ions of substrate A3 and initial product A2D1 disappeared ( Figure 4A3 ). After 24 h of reaction, the molecular ions of both A1D2 and D3 were still detected simultaneously ( Figure 4A4 ). TOF-MS/MS analysis of the deacetylation site in each product of chitintriose reacted with Cda1 in the reaction mix showed that in the Q-TOF-MS/MS spectrum of Cda1 deacetylation product A2D1 ( Figure 4A5 ) appeared respectively at m/z 222, m/z 383 and m/z 425, therefore, the product A2D1 contains two isomers, DAA and ADA. In the Q-TOF-MS/MS spectrum of Cda1 deacetylation product A1D2 ( Figure 4A6 ), a mother fragment ion Fig. 2 . Effects of pH, temperature and substrate concentration on Cda1 and Cda2 activity. The pH effect (--) and pH stability (---) of the Cda1 (A1) and Cda2 activity (A2) with chitinbiose at 50°C. The temperature effect (-) and thermal stability (---) of Cda1 (B1) and Cda2 activity (B2) with chitinbiose at pH 7.5. The substrate concentration dependence of Cda1 (C1) and Cda2 (C2) activity with chitinbiose at pH 7.5, 50°C. ), Y1 at m/z 222 and Y2 at m/z 383, were observed, therefore, the product A1D2 was determined to be a DDA structure. In the Q-TOF-MS/MS spectrum of the Cda1 deacetylation product D3 ( Figure 4A7 ), a mother fragment ion [M+H] + at m/z 502, two Bi fragment ions, B1 at m/z 162 and B2
at m/z 323, and two weak Yj fragment ions ([M+2H] + ), Y1 at m/z 180 and Y2 at m/z 341, were observed, therefore, the structure of product D3 was confirmed. Q-TOF-MS analysis of the products of chitintriose (A3) reacted with Cda2 for varying times in the reaction mix showed that after 20 min of reaction, only the molecular ions of substrate A3 and mono-deacetylated product A2D1 were detected, while di-deacetylated product A1D2 was not observed ( Figure 4B1 ). After 1 h of reaction, the molecular ion of the new di-deacetylated product A1D2 appeared, while the molecular ions of substrate A3 and initial product A2D1 were still detected ( Figure 4B2 ). After 5 h of reaction, the molecular ion of the fully deacetylated chitotriose (D3) appeared, and the molecular ion of the substrate A3 disappeared, while the molecular ions of A1D2 and A2D1 were simultaneously observed ( Figure 4B3 ). After 24 h of reaction, the molecular ions of product D3, A1D2 and A2D1 were still detected simultaneously ( Figure 4B4 ). TOF-MS/MS analysis of the deacetylation site in each product of chitintriose reacted with Cda2 showed that in the Q-TOF-MS/MS spectrum of the Cda2 deacetylation product A2D1 ( Figure 4B5 ), a mother fragment ion [M+H] + appeared at m/z 586, three Bi fragment ions appeared respectively at m/z 204, m/z 365 and m/z 407, and three weak Yj fragment ions as ([M+2H] + ) appeared, respectively, at m/z 180, m/z 222 and m/z 383. Therefore, the product A2D1 contains two isomers, AAD and ADA. In the Q-TOF-MS/MS spectrum of the Cda2 deacetylation product A2D1 ( Figure 4B6 ), a mother fragment ion [M+H] + at m/z 544, two Bi fragment ions, B1 at m/z 204 and B2 at m/z 365, and two weak Yj fragment ions ([M+2H] + ), Y1 at m/z 180 and Y2 at m/z 341, were observed; therefore, the product A1D2 was determined to be an ADD structure. In the Q-TOF-MS/ MS spectrum of the fully deacetylated product D3 by Cda2 ( Figure 4B7 ), the mass-to-charge ratios (m/z) of a mother fragment ion, two Bi fragment ions and two weak Yj fragment ions were all identical to the D3 from CDA1 deacetylation. Further, the modes of deacetylation of Cda1 and Cda2 towards large chitin oligosaccharides, chitintetraose, chitinpentaose and chitinhexaose were studied and exhibited similar results. Here, we take chitinhexaose (A6) as an example to illustrate the different modes of Cda1 and Cda2 towards large chitin oligosaccharides. The initial deacetylation rate of Cda1 towards chitinhexaose is much faster than towards chitinbiose and chitintriose, so 0.05 μg/mL of Cda1 (equivalent to 1-20th of Cda1 concentration for deacetylation of chitinbiose and chitintriose above) was used for the initial reaction with chitinhexaose. Q-TOF-MS analysis of the products of chitinhexaose (A6) reacted with low concentrations of Cda1 showed that after 15 min of reaction, only mono-deacetylated product A5D1 and substrate A6 were detected ( Figure 5A1 ); after 30 min of reaction, except for A5D1 and A6, no further deacetylated product was detected. When 1 μg/mL of Cda1 (as the same concentration for deacetylation of chitinbiose and chitintriose) was used for deacetylation of chitinhexaose, after 1 min of reaction, the molecular ions of new product A4D2 and initial product A5D1 were observed, while the molecular ion of substrate A6 was not visible in the spectrum of Q-TOF-MS ( Figure 5A2 ). After 4 min of reaction, the molecular ion of new product A3D3 appeared while the molecular ion of initial mono-deacetylated product A5D1 disappeared ( Figure 5A3 ). After 10 min of reaction, only molecular ions of A3D3 and new product A2D4 were detected, while A4D2 were not detectable ( Figure 5A4 ). After 1 h of reaction, new product A1D5 and A2D4 was detected, while A3D3 was not detectable ( Figure 5A5 ). After 24 h of reaction, the molecular ion of new fully deacetylated product D6 appeared, while product A1D5 still existed ( Figure 5A6 ). Q-TOF-MS/ MS analysis of the deacetylation site in each product of chitinhexaose m/z 806, therefore, the product A1D5 is DDDDDA. Q-TOF-MS analysis of the deacetylated products of chitinhexaose (A6) reacted with a low concentration of Cda2 (0.15 μg/mL, equivalent to 1-20th of CDA2 concentration for deacetylation of chitinbiose and chitintriose) showed that after 5 min of reaction, only mono-deacetylated product A5D1 and substrate A6 were detected ( Figure 5B1 ); after 30 min of reaction, new product A4D2 appeared, while substrate A6 ion disappeared ( Figure 5B2 ). When a high concentration of Cda2 (3 μg/mL, as the same concentration for deacetylation of chitinbiose and chitintriose) was used for deacetylation of chitinhexaose, after 1 min of reaction, the molecular ion of new product A3D3 was detected, while molecular ions of product A5D1 and A4D2 were simultaneously observed in the spectrum of Q-TOF-MS ( Figure 5B3 ). After 3 h of reaction, the molecular ion of new product A2D4 appeared while the molecular ion of A3D3 and A4D2 still simultaneously existed, though A5D1 disappeared ( Figure 5B4 ). After 5 h of reaction, new product A1D5 appeared and product A4D2 disappeared, while molecular ions of A3D3 and A2D4 were still detected simultaneously ( Figure 5B5 ). After 24 h of reaction, new product D6 was detected, while both A1D5 and A2D4 were detectable simultaneously, though A3D3 disappeared ( Figure 5B6 ). Q-TOF-MS/MS analysis of the deacetylation site in each product of chitinhexaose reacted with Cda2 showed that Cda2 deacetylation products, A5D1 ( Figure 5B7 ), A4D2 ( Figure 5B8 ), A3D3 ( Figure 5B9 ) and A2D4 ( Figure 5B10 ), shared the same Q-TOF-MS/MS spectra with corresponding Cda1 deacetylation products, A5D1, A4D2, A3D3 and A2D4, respectively, therefore, Cda1 and Cda2 deacetylated internal sugar residues of chitinhexaose in the same mode. However, different from Cda1 deacetylation product A1D5 ( Figure 5A11 Analysis of the sequence and structure of Cda1 and Cda2
To elucidate the molecular basis of distinctive catalytic features of Cda1 and Cda2, analyses of the sequence and structure of Cda1 and Cda2 were performed. According to the NCBI's conserved domain analysis, both Cda1 and Cda2 contain only a single catalytic domain that belongs to carbohydrate esterase family 4 (CE-4). An amino acid sequence alignment reveals that Cda1 and Cda2 from C. cinerea share a 52.34% identity with each other; C. cinerea Cda1 has a 26.85 and 19.12% identity with the Cda (AAT68493) from C. lindemuthianum (Blair et al. 2006 ) and the Cda (EAA66447) from A. nidulans (Liu et al. 2017) , respectively. Coprinopsis cinerea Cda2 has 29.84 and 23.32% identity with the Cda from C. lindemuthianum and the Cda from A. nidulans, respectively. The catalytic domains of Cda1 and Cda2 contain all five conserved motifs (MT1−5) that form the active site of the enzyme ( Figure 1B) . The protein structures of Cda1 and Cda2 were predicted by the I-TASSER (Iterative Threading ASSEmbly Refinement, http://zhanglab. ccmb.med.umich.edu/ I-TASSER/) server based on the published crystal structures of the chitin deaceylases from the CE-4 family. As shown in Figure 1C , similar to other reported fungal Cdas from C. lindemuthianum (Blair et al. 2006 ) and A. nidulans (Liu et al. 2017) , the active site contains a conserved metal-binding triad, H118-H122-D64 in Cda1 or H123-H127-D69 in Cda2, and a catalytic acid-base pair, H214-D63 in CDA1 or H220-D68 in Cda2. Interestingly, in the Cda2 structure, the unique aromatic amino acid W98 and aromatic amino acid Y164 form a pair of hydrophobic clamps on the surface near subsite −1, whereas only one W185 occupies one side of the surface near subsite +1 ( Figure 1C2 ). In contrast, in the Cda1 structure, the unique aromatic amino acid W187 and another unique aromatic amino acid F182 along with W180 (which corresponds to W185 in Cda2) form a hydrophobic pocket on the surface near subsite +1, whereas the aromatic amino acids W67 and W68 in Cda1, which correspond to Y72 and W73 in Cda, are far away from subsite −1, and only one aromatic amino acid (Y159) occupies one side of the surface near subsite −1 ( Figure 1C1 ).
The expression pattern of Cda1 and Cda2 and the degree of deacetylation of cell wall chitin in the different stipe regions of C. cinerea growing fruiting bodies
To explore the physiological roles of the chitin deacetylases, Q-RT-PCR was used to analyze the transcription levels of Cda1 and Cda2 as well as other putative chitin deacetylases in the different stipe regions of the fruiting bodies. As shown in Figure 6 , Cda1 showed a low expression in the fast-growing apical region and the slow growing medium region of the stipe but a high expression in the nongrowing basal region of stipe, and the expression level in the latter was almost 10 times that of the expression level in the former. In contrast, Cda2 showed a high expression in the fast-growing apical region of the stipe but a low expression in the slow growing medium and the nongrowing basal region of the stipe. Interestingly, although Cda2 showed a high expression in the apical region of the stipe, its expression level in the apical stipe region was only 30% greater than the expression level in the basal stipe region and one fifth the expression level of Cda1 in the basal stipe region. Besides, some of putative chitin deacetylases showed very high expression in the stipe. Unfortunately, these Cdas were failed to be heterologeously expressed in yeast cells or Escherichia coli cells, so their features and functions were not studied.
Furthermore, we studied the deacetylation degree of chitin in the cell wall in the different stipe regions of the C. cinerea fruiting bodies. As shown in Table III , both the GlcNAc content and the GlcN content increased along the length of the stipe from the growing apical region to the nongrowing basal region; however, the GlcNAc content accounted for 14.2% of the dried cell wall in the apical stipe regions but for 21.6% of the dried cell wall in the basal stipe regions, an approximate 50% increase. In contrast, the GlcN content accounted for 2.1% of the dried cell wall in the apical stipe regions, while GlcN accounted for 4.7% of the dried cell wall in the basal stipe regions, increasing by approximately one time. Thus, the molar ratio of GlcN to GlcNAc increased from 0.15 in the fast-growing apical stipe region to 0.22 in the nongrowing basal stipe region, indicating an increasing trend of the deacetylation degree of chitin in the cell wall along the stipe from the fast-growing apical region to the nongrowing stipe region.
Discussion
In prior studies, the structure of the deacetylation product of chitin oligosaccharides by a chitin deacetylase was determined by 1 H-NMR Fig. 6 . The transcript levels of putative chitin deacetylases in the different stipe regions of 60-mm length fruiting bodies of C. cinerea. apical, the 1-10 mm rapidly growing apical stipe region; median, the 21-30 mm slow growing median stipe region; basal, the 41-50 mm nongrowing basal stipe region. The number for each uncharacterized chitinase is the accession numbers in GenBank. β-Tubulin was used to standardize the mRNA levels. All data were obtained using at least three independent experiments with three replicates. (Tokuyasu et al. 1997) or β-GlcNAcase digestion of deacetylated products following ESI-MS analysis (Ken 2000) or chemical modification of deacetylated products and following ESI-MS/MS analysis (Cheng et al. 2006; Cord-Landwehr et al. 2016 ). However, separation of partially deacetylated chitooligosaccharides from enzymatic reaction mix for 1 H-NMR and β-GlcNAcase hydrolysis analysis is a timeconsuming and sample-consuming process. Modification of chitooligosaccharide derivatives may introduce potential impurities, result in the loss of structural information, and decrease the accuracy of analysis (Maina et al. 2008; Roslund et al. 2008; van Leeuwen et al. 2008; Yi et al. 2015) . In this study, we extended FAB MS/MS analysis (Domon and Costello 1988) to analyze all partially deacetylated products using Q-TOF-MS/MS in a reaction mixture of chitin oligosaccharides with chitin deacetylase Cda1 or Cda2 from C. cinerea. Using this method, different deacetylated products in the reaction mixture as molecular ions with different molecular weight [M+H] + were identified first by the first mass spectrometers (MS), the molecular ions explored by MS were collided respectively to undergo fragmentation in a collision cell, and resulting fragment ions were analyzed by the second mass spectrometer (MSMS). In the positive ion mode of Q-TOF-MS/MS, the glycosidic bond in chitooligosaccharides is broken mainly into Bi and Yj fragment ions (Domon and Costello 1988; Friedl et al. 2000) , which indicates the sequence of the partially deacetylated chitooligosaccharides and therefore explores which sugar residue contains an acetyl group. Thus, the structure of partially deacetylated products from chitin oligosaccharides by chitin deacetylases can be determined. Though the m/z intensity of Yj fragment ions were often very weak, the Bi ion fragments always produced the strong m/z signal, which did not affect the designation of the deacetylation-site in the chitooligosaccharides. Furthermore, the asymmetric structures of a series of partially deacetylated chitooligosaccharides and different preference of Cda1 and Cda2 to deacetylation sites in chitooligosaccharides were favored for resolution of structures of partially deacetylated products of chitin oligosaccharides. This study determined that both Cda1 and Cda2 first deacetylated internal residues rather than end residues in the chitin oligosaccharide (GlcNAc) 6 as an initial process, therefore they are endo-acting deacetylases (Tsigos et al. 1999 (Tsigos et al. , 2000 Hekmat et al. 2003 ). An endo-type chitin deacetylase from C. lindemuthianum only deacetylates the nonreducing end residue of (GlcNAc) 2 ; it removes an acetyl group from any of the three residues of (GlcNAc) 3 in the initial deacetylation process; it initially deacetylates at the 2′ positions of (GlcNAc) 4 , after deacetylation of the internal other residue, then further deacetylate either of the reducing end residues or nonreducing end residues of GlcNAcGlcNGlcNGlcNAc (Tokuyasu et al. 1997; Ken 2000; Hekmat et al. 2003 ). An endo-type Cda from fungal A. nidulans exclusively removed an acetyl group at varying positions but not at the reducing end of (GlcNAc) 6 , in an initial process, and only after (GlcNAc) 6 was almost exhausted do products with higher degrees of deacetylation were produced (Liu et al. 2017) . In contrast to the above reported chitin deacetylases, chitin deacetylases from C. cinerea exhibited different deacetylation patterns, especially Cda1 and Cda2 had different preferences to the end residues of chitin oligosaccharides for deacetylation ( Figure 7 ): (1) Cda1 preferably deacetylated the nonreducing end residue of (GlcNAc) 2 , while Cda2 preferably deacetylated the reducing end residue of (GlcNAc) 2 which was first reported as Cda deacetylating the reducing end residue of (GlcNAc) 2 ; (2) Cda1 initially deacetylated either of the internal residue or the nonreducing end residue of (GlcNAc) 3 , then removed another acetyl group remaining in the internal residue or the nonreducing end residue of (GlcNAc) 3 , and finally cleaved the last acetyl group at the reducing end reside of (GlcNAc) 3 . In contrast, Cda2 initially deacetylated either of the internal residues or the reducing end residue of (GlcNAc) 3 , then removed another acetyl group remaining in the internal residue or the reducing end residue of (GlcNAc) 3 , finally cleaving the last acetyl group at the nonreducing end reside of (GlcNAc) 3 ; and (3) Cda1 initially deacetylated the internal residues in a random way, then deacetylated the nonreducing residue, and finally cleaved the last acetyl group at the reducing end reside of (GlcNAc) 6 . In contrast, Cda2 initially deacetylated the internal residues in a random way, then deacetylated the reducing residue, and finally cleaved the last acetyl group at the nonreducing end residue of (GlcNAc) 6 . Apparently, as summarized in the Figure 7 , both Cda1 and Cda2 have the same endo-acting mechanism and the sole difference is based on the recognition of ends of the oligomer (reducing or nonreducing end) before its full deacetylation. In addition, Cda1 and Cda2 from C. cinerea also showed different preferences for chitooligosaccharides with varying degree of deacetylation for deacetylation. Though Cda1 had no preference for substrate chitintriose and initial product A2D1 for deacetylation, Cda1 preferred to deacetylate A2D1 compared with A1D2, and after A2D1 was almost consumed, the product A1D2 was further deacetylated to D3, whereas Cda2 had poor preference for substrate A3 and its deacetylated products, A2D1 and A1D2, for deacetylation, because A3, A2D1 and A1D2, or A2D1, A1D2 and D3 could be detected simultaneously in the reaction mixture. The different preferences of Cda1 and Cda2 were more pronounced when chitinhexaose was used as a substrate. Cda1 had a strong preference for chitohexaose with higher degrees of acetylation for deacetylation, i.e. the one acetyl group was removed randomly first from the internal residues of the chitohexaose with higher degrees of acetylation, and when the chitohexaose was almost consumed the next one acetyl group was removed randomly from the remaining internal residues of its products by Cda1. In contrast, though Cda2 preferred chitinhexaose for deacetylation of the internal residues, it had poor preference to partially deacetylated chitohexaose for deacetylation of the internal residues, i.e. the one acetyl group was not only removed randomly from the internal residues of the substrate chitiohexaose but also removed randomly from the remaining internal residues of its product by Cda2 simultaneously. This is the first reported pair of endo-acting chitin deacetylases, Cda1 and Cda2, with contrasting catalytic features.
An analysis of the sequence and structure of Cda1 and Cda2 suggests that although Cda1 and Cda2 share 52.34% identity with each other, these two enzymes exhibit distinctive structural features according to structure modeling. The predicted Cda1 structure shows more hydrophobic aromatic amino acids on the surface of the protein near subsite +1 in the active site than on the surface near subsite −1, whereas the predicted Cda2 structure has more hydrophobic aromatic amino acids on the surface of the protein near subsite −1 in the active site than on the surface near subsite +1. Exposed aromatic residues are known to play a role in substrate binding of carbohydrate-processing enzymes (Blair et al. 2006; Liu et al. 2017) . This difference of distribution of hydrophobic aromatic amino acids on the surface of the active site between Cda1 and Cda2 may be related to their distinctive recognition of ends of the chitooligosaccharide (reducing or nonreducing end). A larger hydrophobic pocket consisting of three aromatic amino acids on surface near subsite +1 of Cda1 compared to the two hydrophobic amino acid clamps on the surface near subsite −1 of Cda2 may explain why Cda1 has a stronger preference for chitohexaoses with higher degrees of acetylation for deacetylation compared to Cda2, because N-acetylated D-glucosamine is more prone to interact with hydrophobic residues than positively charged D-glucosamine. Certainly, the distinctive structure features and the structure-mode of action relationship of Cda1 and Cda2 explored by structure modeling need to be further supported by a high-resolution crystallographic analysis in the future.
In filamentous fungi, the degradation of chitin by chitinases has been suggested to regulate the plasticity of the cell wall for hyphal tip growth, cell division and cell separation (Yamazaki et al. 2008) , whereas the partial deacetylation of chitin by deacetylases may confer chitin resistance to hydrolysis by chitinases for the enhancement of wall rigidity (Gastebois et al. 2009 ). Previously, we reported that the rapidly elongating apical stipe region of C. cinerea has a strong acidinduced wall extension, whereas the nongrowing basal stipe region loses the acid-induced wall extension (except for a weak, heatinsensitive wall extension). Correspondingly, an expansin-like protein purified from snail stomach juice could reconstitute the heatinactivated apical stipe wall extension, but not the heat-inactivated basal stipe wall extension ). These results indicate that differences in the plasticity of the cell wall between different stipe regions Niu et al. 2015) . This study determined that the stipe cell wall contains partially deacetylated chitosan, and the degree of deacetylation of the chitosan in the cell wall increased along the length of the stipe from the rapidly elongating apical region to the nonelongating basal region of the stipe, implying that deacetylation may play a role in the maturation of the basal stipe cell wall. Because Q-RT-PCR explored that Cda2 has a high expression in the growing stipe region while Cda1 has a high expression in the nongrowing basal stipe region, we propose that Cda1 and Cda2 may function mainly in the different stipe regions. However, there are two issues with such a hypothesis. First, as shown in Figure 6 , among 18 putative chitin deacetylases in C. cinerea, five of them are highly expressed in all stipe regions, whereas, compared to these five chitin deacetylases Cda1 is moderately expressed and Cda2 is low expression. These data suggest that Cda1 and Cda2 are minor part of the total chitin deacetylase activity in stipes though they should function in the deacetylation of cell walls. Alternatively, these genes transcription levels may not represent the protein expression level; even the protein, which has a low expression level, may have a high enzyme activity while the protein, which has a high expression level, may have a low enzyme activity. In the future, it is necessary to further confirm the different expression levels of different chitin deacetylases in the different stipe regions at the protein level and explore their different specific deacetylation activity to elucidate their functions during the maturation of the stipe cell wall. Second, this study shows that the Cda1 and Cda2 are unable to deacetylate insoluble chitin, therefore it is necessary to further explore how Cda1 and Cda2 deacetylate chitin in stipe cell walls during the maturation of fruiting bodies in the future though it was reported that fungal Cdas readily deacetylate nascent chitin which is premature and noncrystallized (Davis and Bartnicki-Garcia 1984; Tsigos et al. 1999 Tsigos et al. , 2000 Zhao et al. 2010 ).
Materials and methods
Chemicals
Chitin powder (C7170), 85% deacetylated chitosan (C3646), glycol chitosan (G7753) were purchased from Sigma-Aldrich Co. LLC (USA). The 75% deacetylated chitosan (C2396) were purchased from Tokyo Chemical Industry in Japan. The 40% deacetylated chitosan were purchased from Nantong Xingcheng biological products factory in China. N-acetylglucosamine (AB2245), chitinbiose (GLU432), chitintriose (GLU433), chitintetraose (GLU434), chitinpentaose (GLU435) and chitinhexaose (GLU436) were purchased from Elicityl Oligotech (France). Chitobiose hydrochloride (ZB-10006), chitotriose hydrochloride (ZB-10007), chitotetraose hydrochloride (ZB-10008), chitopentaose hydrochloride (ZB-10009) and chitohexaose hydrochloride (ZB-10010) were purchased from Zzstandard Shanghai Zzbio Co., Ltd. (China). Colloidal chitin and glycol chitin were prepared from chitin powder according to the methods described by Sandhya et al. (2004) and Li et al. (2013) , respectively.
Strains, plasmid and culture conditions
Strain C. cinerea (5026 + 5172) ATCC 56838 was purchased from ATCC (USA) and cultivated in rice straw medium for fruiting bodies as described by Zhou et al. (2015) . Stain Pichia pastoris GS115 and the expression vector pPICZαA were purchased from Invitrogen (USA).
Cloning, expression and purification of chitin deacetylases
The sequences of chitin deacetylase Cda1 and Cda2 were obtained from the genome of C. cinerea okayama 7#130 in GenBank at NCBI (accession of the Cda1: EAU83261.2; accession of the Cda2: EAU83234.2). The signal peptide coding sequences, 1-54 nucleic acids of Cda1 and 1-57 nucleic acids of Cda2, were determined using the Signal P 4.1 server (http://www.cbs.dtu.dk/services/SignalP). The isolation and purification of total RNA from the stipe of C. cinerea fruiting bodies, synthesis of first-strand cDNA from DNA-free RNA, and PCR amplification of cDNA coding the mature chitin deacetylase Cda1 and Cda2 were performed as described by Niu et al. (2016) .
The PCR products of cDNA of chitin deacetylase Cda1 and Cda2, and the plasmid pPICZαA were digested respectively with EcoR I and Not I and then ligated to generate the plasmid pPICZαACDA1 and pPICZαACDA2, respectively, using the ClonExpressTM II/One Step Cloning Kit (Vazyme, China). Transformation of P. pastoris spheroplasts with pPICZαACDA1 or pPICZαACDA2, the selection of transformants with pPICZαACDA1 or pPICZαACDA2, cultivation of transformant cells for the expression of recombinant Cda1 and Cda2, and the isolation and purification of recombinant Cda1 and Cda2 were performed as described by Niu et al. (2016) .
Protein analysis of the recombinant enzyme
Purity and molecular size of purified Cda1 and Cda2 were analyzed by SDS-PAGE. The protein concentration of purified Cda was measured by the Bradford method using bovine serum albumin as the standard (Bradford 1976) . The amino acid sequences of partial peptide fragments from purified recombinant Cda1 and Cda2 by trypsin digestion were analyzed using the UltrafleXtreme MALDI-TOF/TOF MS (Bruker Daltonics, Germany) as described by Zhou et al. (2015) .
Analysis of chitin deacetylase activity
For the analysis of the deacetylation activity of chitin deacetylases of polysaccharides, a 200-μL reaction mix containing the appropriate amount of Cda and 1% of glycol chitin or 1% of other polysaccharides in 50 mM Tris-HCl (pH 7.5) was incubated at 800 rpm, 50°C for 3 h. After incubation, the 200-μL reaction mix was heated at 100°C for 10 min and centrifuged at 12,000 × g for 1 min; then, the supernatant was used for the 3-methyl-2-benzothiazolone-hydrazone-hydrochloride (MBTH) analysis.
For the analysis of the deacetylation activity of chitin deacetylases with chitinbiose, a 40-μL reaction mix containing the appropriate amount of Cda and 100 nmol chitinbiose in 50 mM Tris-HCl (pH 7.5) was incubated at 50°C for 30 min, then combined with boiling water at 100°C to a final volume of 1 mL to stop the reaction. After centrifugation at 12,000 × g for 1 min, the supernatant was used for the HPAEC-PAD analysis. One unit of enzyme released 1 μmol of acetate from chitinbiose per min. To determine the effect of temperature on the deacetylation activity of Cda with chitinbiose, the reaction mix was incubated at 30-80°C. To determine the effect of pH on the deacetylation activity of Cda with chitinbiose, a reaction mix with a pH in the range of 4.0-11.0 [using 50 mM NaAcHAc buffer (pH 4.0-6.0), 50 mM Tris-HCl buffer (pH 6.0-9.0) and 50 mM Na 2 CO 3 -NaHCO 3 buffer (pH 9.0-11.0)] was used. To determine the stability of Cda, the reaction mix (as above) was first incubated at 30-80°C or at pH 4.0-11.0 in the absence of substrate for 1 h and then combined with chitinbiose for the reaction. To determine the reaction kinetics of Cda, the reaction mix contained varying concentrations of chitinbiose (0.025-0.8 μmol/mL). The reaction rate V was plotted directly against the chitinbiose concentration. OriginPro 8 SR0 (OriginLab Corporation, Northampton, USA) was used to fit a hyperbola to the data and to determine K m and V max (Szweda et al. 2013) . To determine the effect of metal ions or the metal ion-chelator EDTA on the deacetylation activity of Cda with chitinbiose, Cda was first incubated with 1 mM of the indicated metal ion salt or 1 mM or 2 mM EDTA in 50 mM Tris-HCl (pH 7.5) at 50°C for 30 min and then combined with chitinbiose for the reaction with all the other parameters identical to those listed above.
Analysis of the mode of deacetylation
For this analysis, a 40-μL of a reaction mix containing 100 nmol of chitin oligosaccharide (dp1-6) and the appropriate amount of Cda (see results for details) in 50 mM Tris-HCl (pH 7.5) was incubated at 50°C for the indicated time, then combined with boiling water at 100°C to stop the reaction. After centrifugation at 12,000 × g for 1 min and filtration with a 0.22-μm polyethersulfone ultrafiltration membrane, the supernatant was lyophilized and dissolved in 20% (v/v) of methanol for a mass spectrometry (MS) analysis.
Q-RT-PCR analysis of the transcription levels of the CDA
The total RNA was extracted respectively from the 1-10 mm apical, 21-30 mm median, 41-50 mm basal region fragments from approximately 60-mm length fruiting bodies of C. cinerea using a Spin Column Fungal Total RNA Purification Kit (Sangon, China). The total RNA was reverse-transcripted into cDNA using HiScript II Q RT SuperMix for qPCR kit (Vazyme, China) for a template of realtime quantitative reverse transcription-PCR (Q-RT-PCR) with Power SYBR ® GreenPCR Master Mix (ABI, USA). The β-tubulin was used as the reference for mRNA level. Relative mRNA levels were expressed as the 2 −△CT calculated by the comparative CT value method: △CT = (CT target -CT β-tubulin ) (Alain et al. 2003) .
Analysis of the chitin and chitosan content in the cell wall
The 1-10 mm apical, 21-30 mm median and 41-50 mm basal region fragments were excised from fruiting bodies of C. cinerea that were approximately 60 mm in length, quickly frozen in liquid nitrogen, and stored at −80°C (Niu et al. 2015) . Preparation of the cell wall from different stipe region fragments was done by a modification of the methods described by Fontaine et al. (2000) . Briefly, 1.6 g of each stipe fragment was crushed with a mortar and pestle in liquid nitrogen and then mixed with 30 mL of precooled breaking buffer (50 mM Tris-HCl, pH 7.5, 50 mM EDTA, 1 mM PMSF) and centrifuged at 4°C, 10,000 × g for 5 min. After washing twice with breaking buffer, the cell debris pellet was suspended in 15 mL of breaking buffer with 0.5-mm-diameter glass beads and disrupted using a Bioprep-24 homogenizer (Allsheng, China). After removing the glass beads, the homogenate was filtered through a 100-mesh nylon cloth; the filtrate was collected, and the cell debris on the nylon cloth was resuspended in the breaking buffer and disrupted again as above. The two filtrates were combined and centrifuged at 4°C, 10,000 × g for 5 min. The cell wall pellet was washed three times with breaking buffer, followed by 10 additional washes with distilled water and was finally lyophilized. The purified cell walls were stored at −20°C. The chitin and chitosan contents in stipe cell wall were estimated by a combination of the methods described by Nahar et al. (2004) and van Munster et al. (2013) . Briefly, 10 mg of cell wall in 1 mL of distilled water was mixed with 1.5 mL of 2 M NaNO 2 and 0.5 mL of 2 M HCl and was incubated for 4 h at room temperature. After centrifugation at 4500 × g for 5 min, the fraction soluble in HNO 2 corresponding to chitosan was used for the determination of D-glucosamine from the chitosan content by MBTH analysis. The residue insoluble in HNO 2 corresponding to chitin was washed to neutral pH with distilled water and lyophilized. The dried residue was suspended in 225 μL of 72% (v/v) sulfuric acid and incubated at room temperature for 3 h. Then, 2.85 mL of distilled water was added to the dilute sulfuric acid to 1 M and incubated at 100°C for 4 h. The hydrolysate (1.0 mL) was cooled to room temperature, neutralized with saturated barium hydroxide and left overnight at 4°C to precipitate the BaSO 4 . After the volume was adjusted to 10.0 mL, the sample was centrifuged at 4500 × g for 15 min at 4°C, and the supernatant was used to analyze the GlcNAc content from the chitin fraction, which was depolymerized and deacetylated to produce GlcN by acid hydrolysis using the MBTH analysis.
MBTH analysis
In this experiment, 100 or 200 μL of reaction mix was added with half of the volume 10% (w/v) NaNO 2 and 10% (w/v) KHSO 4 , allowed to stand for 15 min, and subsequently added with half of the volume 12.5% (w/v) ammonium sulfamate (N 2 H 6 SO 3 ). After 5 min, half of the volume freshly prepared 0.5% (w/v) MBTH was added, and the mix was heated in boiling water for 3 min. After cooling to room temperature, one half volume of 0.5% (w/v) FeCl 3 was added for color development. Water was added instead of NaNO 2 for a control. The absorbance of the solution was measured at 650 nm against a control solution using D-glucosamine as the standard (Nahar et al. 2004; Zamani et al. 2008) .
HPAEC-PAD analysis
For this analysis, a 40 μL of reaction mix was loaded on and eluted from a CarboPac PA-1 column (4 × 250 mm 2 , Dionex) with a PA-1 guard column equipped on a 940 Professional IC Vario system with an IC Amperometric detector (Metrohm), as described by Niu et al. (2016) .
MS and MS/MS analysis
Mass spectrometry analysis was carried out with an Agilent 6530 Q-TOF mass spectrometer (Agilent, Santa Clara, CA, USA) equipped with dual electrospray ionization (dual ESI). Nitrogen gas was used in the nebulizer at a pressure of 40 psi. The spray voltage was 3.5 kV, and a flow of nitrogen gas of 10 L/min at 350°C assisted the drying process. Fragment voltage was set to 110 V. A full MS scan between 100 and 2000 m/z was performed. In terms of the molecular mass of oligosaccharides, the collision-induced dissociation (CID) energy used in MS/MS to dissociate oligosaccharides was set to 5-30 V. All data were acquired in the positive mode. The resolution is 40,000 Da, and the accuracy is 1-4 ppm.
